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Overview 
Gravitation – with its infinite range and the attractive only character – is not 
subject to shielding and all pervasive. Consequently the earth is immersed in a 
gravitational field of cosmic origin. In the Newtonian approach this field is described by 
a vector of the gravitational acceleration, g. It is a superposition of the fields due to all 
(N) sources at play but the direction of g need not lie along the line of sight to any source. 
At any location, the inclusion of additional sources can be enhance or reduce the net 
field. However, g being the physically relevant quantity neither non-linear (N2) 
enhancement of classical interference nor HBT type, temporal anti-correlation associated 
with quantum interference ensues from such superposition. 
The extra terrestrial field determines earth’s own geodesic. But, on terrestrial 
objects its correlation in space is manifested as semi-diurnal and diurnal tides. Tides or 
geodesic deviation signals, A(t), are a quasi-static, low frequency signal which arises 
from the relative changes in positions of the detector and source due to the rotation of the 
earth about its axis and is not part of the electromagnetic spectrum. In the Newtonian 
limit, the amplitude of A is given by the product G·M·ζ·R3, where R is distance to mass M, 
ζ is baseline separation and G is Newton’s constant and  can be directly calculated as a 
vector difference. These signals can be observed in a wide variety of natural and 
laboratory situations. Because A(t) contains quantitative information we reason that it can 
be utilized to obtain quantitative astrophysical information. By a case study of a 
published report we show, how the systematic of the tidal signals can be used for 
calibration and de-trending which can significantly increase the confidence level of high 
precision observations.  
Gravitational correlations can also be used to determine the distribution of 
celestial masses independently of the “1-2-3” law. Our estimates suggest that with a 
deflection sensitivity of δR ~ 10-18 (m/s2) it will be possible to resolve a diurnal signal of 
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the purported 1 AU size, super-massive blackhole at the center of our galaxy, or a ten 
solar mass object at about a distance of 10pc. is 
  
 
1-Introduction 
 
Recently the world celebrated the 400th anniversary of Galileo and the optical 
telescope. Remarkably he was neither the inventor of telescopes nor the first person to 
use it in astronomy 1-4. However, there can be little doubt about his genius in drawing the 
public’s attention to the telescope which helped transform the 16th century curio into the 
versatile instrument it has become5.  Also, Galileo’s publication of “Sidereus Nuncius” in 
March, 1610 lead to the scientific revolution of the seventeenth century.  
Even today, four centuries after Galileo and the invention of space crafts most of 
our understanding of the universe and outer space is based on information garnered by 
telescopes. For this purpose, a huge number of ground-based and space borne instruments 
are deployed round the clock. The radiation range that these modern detectors operate at 
has expanded immensely since Galileo and covers both waves and particles. Searches for 
the elusive gravitational waves are also in active progress 6-10. However the basic 
“objective” has remained unchanged, the capturing of radiation that arrives to us from 
distant sources.  Unfortunately, this modus operandi fails for objects that do not send out 
radiation, most well known example being dark matter objects. 
The earth is also immersed in a two very well-known quasi-static fields, the first 
is geo-magnetic, fields that arise from sources that are terrestrial as well as those in outer 
space 11. The scientific importance of magnetic observations was recognition in the early 
19th century by Alexander von Humbolt the famous explorer and the great 
mathematician, Carl Friedrich Gauss. Currently a global network of magnetic 
observatories 12 provides geomagnetic field data, some of which extend back well into the 
19th century, others give more recent observations at high acquisition rates, typically at a 
one-second average cadence. This resource is leading to a deeper understanding of the 
earth, those in the ionosphere, magnetosphere that extends hundreds of earth radii out 
into space, as well as to the conditions in the sun. 
The other non-radiative field is gravitational and the subject of this article. This 
field determines the geodesic trajectory causing a test particle to undergo the familiar free 
fall acceleration of g towards the earth. However astronomical objects are also sources of 
gravity. A feature that makes gravitation extremely pervasive is unlike other interactions 
and radiations it cannot be shielded and hence even extra terrestrial gravitation penetrates 
equally into all media in every part of the globe 13.  
Gravitational influences of celestial bodies produce perceptible effects on 
terrestrial systems. The most obvious example being sea or ocean tides. Water tides are 
so strong that they dominate human behavior over much of the coastal regions of the 
earth. Ocean tides which are principally of lunar and solar origins are extremely 
important in maritime activities, geology, marine, atmospheric and environmental 
sciences. Reproductive and migratory behaviors of many animals are synchronized with 
the tides. Etymology of the condition “lunacy” is another empirical evidence of celestial 
effects on human psychology. Furthermore, for a long time there has been at least 
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anecdotal evidence, which is beginning to be scientifically substantiated about a credible 
connection between significant geophysical events such as earthquakes and tides 14. 
For gravitational acceleration to be perceptible at a minimum correlations 
between two locations are required, this gives rise to a difference or tidal acceleration. 
This is due to the weak equivalence principle 15-18 in the Mach – Einstein sense that is an 
observer free falling inside a free falling elevator will have no sensation of being 
subjected to a force or accelerated. Or two apples following two nearby geodesics will 
remain parallel in empty flat space (fig. 1). But the apples will experience a tidal force 
and their paths tend to converge in a curved space-time, when approaching a massive 
object. So the curving of space indicates the presence of the mass. 
At any point in space the static resultant Newtonian field, g is the linear vector 
superposition of the gravitational fields due to all the N individual sources and g is 
physically measurable quantity. Tides represent the vectorial difference between g at two 
locations separated by a baseline. It is not interference; in the sense, there is no non-linear 
(N2) enhancement in the amplitude. Also there is no HBT 19 type quantum effect, i.e., 
increased tide at one detector does not correlate with lowered signal at another. 
Additionally its direction need not be along the baseline, or the line of sight to any of the 
sources.  Reports of tidal influence in the laboratory relate to experiments that are 
designed to detect these effects as well as those where the signals show up incidentally in 
the data as modulations that correlate with astronomical predictions.  
The pervasive nature of extraterrestrial gravitational influences in the laboratory is 
illustrated by the examples shown in figures 2- 4.  The changes in the weight of an object 
with time are shown in figure 2; the data were obtained in our laboratory 20 with only 
minor software modifications on a commercial electronic balance. The influence of the 
astronomical forces on the test mass weight is indicated by the correlation between 
balance output in the laboratory in Columbia and the tidal water height at the port of 
Charleston, SC. The green rectangle highlights a period of the rapid changes in balance 
reading with time.   
Next in figure 3 the tidal influences on the vertical free fall acceleration of a 
macroscopic test mass (bottom- shaded region) of an absolute gravimeter (solid blue 
curve) 21 and that of Cesium atoms in an atomic fountain 22 (top- solid red curve) are 
shown. Both of these papers 21,22 were designed to measure gravitational effects but tidal 
forces can also affect experiments that are not intended to involve “gravity”; a case in 
point is the changes in the lepton beam energy in the Large Electron-Positron Collider, 
LEP 23,24. Figure 4 shows the beam energy dependence on the tidal variations the plotted 
data (solid red and blue dots) are of graphical accuracy as they were obtained from two 
separate publications; an estimated ~ 1ppm (ΔE/E) decrease in beam energy per µ-gal 
increase in g is shown by the diagonal straight line (green).     
Not surprisingly, the importance of this tidal signal as a source of astrometric 
information did not escape the notice of Isaac Newton 25-28. He is the progenitor of the 
“1-2-3” law 29 as a method for determining the masses (M) of celestial objects from 
“satellite” time period and applied it to obtain accurate mass values of many objects in 
the solar system. Remarkably, it remains the method of choice for mass astrometry even 
to date 30. However, this law is not applicable to objects without natural satellites, such as 
our Moon. Computation of the mass of the moon demands an alternative route to its 
gravitational field (acceleration). Coincidentally this impediment has been abated only 
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recently by the advent of spacecrafts and artificial satellites 31-40. In book 3, “System of 
the Worlds”, of the Principia Sir Isaac 25-28 argued that of all the extant methods in the 
seventeenth century, only tidal changes were sensitive enough for the direct terrestrial 
determination of astronomical gravitational forces. 
Although tidal changes in the sea level are associated with astrophysical forces 
but the forces are not faithfully measured by the actual water response. Because water 
height is profoundly more sensitive to the depth, size and shape of the sea basin than the 
vector force in question. Thus Newton’s (Mm/Me) ratio came out more than double the 
best current estimate (BCE) 41,42 of 1,230.00371×10-2. This error placed the Earth-Moon 
barycenter outside the surface of the earth and was a concern amongst astronomers and 
experts 43-49 also impacted Newton’s presentation of the later versions of Principia 
Mathematica and drew criticism. A massive moon would produce additional 
repercussions 50-53.  Here we reason that water tide clearly is not the way to go, 
nevertheless tidal or geodesic deviation signals can be an accurate source of 
astronomical quantities that may provide a double check on standard methods.  More 
importantly gravitational tide can reveal information that cannot be accessed via 
conventional observational techniques.  
In the following we will outline the vector computation of the relative 
gravitational acceleration or tidal signal. We show that with high resolution 
experimental data these results may be inverted to compute the masses and positions of 
gravitational sources in the sky. 
 
2-Basics 
The tidal vector Δacel is defined as the relative gravitational acceleration due to a 
celestial object, on a test object located at position “A” compared with that at “B” 
separated by a vector ζ. Hence, Δacel represents the relative correlation at two field 
points. It is a simultaneous measure of the gravitational field at the two locations A & B 
When the baseline ζ  is small compared to other lengths (distances) in the problem then 
Δacel  is the differential acceleration vector between two free-falling test particles 
following adjoining geodesics (fig.1).   
In general relativity the relative acceleration of the separation between nearby 
geodesics relates to the Riemannian curvature, through the geodesic deviation equation  
as shown below 29 
     (2.1) 
 
In the non-relativistic Newtonian limit geodesic deviation reduces to the 
difference in the gravitational fields at the two locations or the relative temporal 
acceleration between test particles. That is, 
     (2.2) 
Where, a(RC) represents the gravitational acceleration produced by the celestial 
object at location C. The Newtonian gravitational field of the celestial body at a distant 
point R(t),  or the  acceleration of a small test mass a(R )cel at time t, and is given by the 
familiar inverse square law formulae, 
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      (2.3) 
Hence for a baseline vector ζ, the Δacel is given by, 
     (2.4) 
For multiple objects, the total or observed signal Δa is the vector sum of the Δacel due to 
all the celestial mass in question.  That is,  
 
       (2.5) 
 
3- Transformation of the acceleration vector between two inertial frames 
 
Often it is necessary to consider the acceleration vector in two different frames of 
reference; in the following we will consider the relevant Euler transformations 54-56. We 
consider the acceleration vector (a) of a free object in the laboratory (positioned in 
coordinate system X’, with origin at point marked P) relative to a geocentric inertial 
frame (X). At any given instant the inertial frame is co-moving with the earth and is in 
uniform motion with respect to a Newtonian frame (X0) at rest with the distant stars. The 
system X is oriented such that the x-y lie on the equatorial plane of the globe; the x-axis 
points radially outward and passes the terrestrial equator at Greenwich meridian. The x’-
y’ plane of the surface centric system is the local horizontal plane but the axes are not be 
oriented with the geographic cardinal directions (figure 5). The transformation from X to 
X’ comprise of a rotation by the three Euler angles (φ,θ & ψ) and a translation re along z’ 
to the point  P on the surface as follows: 
     (3.1) 
In equation 3.1, re is the radial distance between the laboratory and the center of the earth. 
If the coordinates of P are given by longitude (Λ), latitude (λ) and axis x’ is at Ψ (figure 
2) degrees with east then the rotation matrix R(φ,θ, ψ)  is given by the following 
expression : 
     (3.2) 
 
Where, the Euler angles (in deg) are such that φ is equal to 90o-Λ, θ is the co-latitude or is 
equal to 90o - λ and Ψ is equal to Ψ, i.e.,  
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        (3.3) 
 
4-Tides on earth 
In the terrestrial context, point “A” is the ocean surface at the port of interest or 
the laboratory and “B” the geocenter so ζ is the radius vector from the laboratory location 
to the geocenter. It should be noted that if the material of the earth is perfectly rigid then 
every acceleration observation, relative to the ground, automatically provides an (analog) 
differential measurement with respect to the earth’s center of gravity.  
Traditional calculations 57-63 of terrestrial tides is by series expansions of the 
scalar potential with harmonic functions. In the next sub-section our vectorial method 
will be described briefly. 
 
 
A- Direct vectorial computation  
 
 Here the tidal vector is computed directly from the expressions for the Newtonian 
gravitation 64 at the two locations. The position vector R(t)cel of the tide producing 
celestial body is defined as follows: 
       (4A.1) 
Where the Cartesian coordinates of R(t)cel  in the topocentric coordinate system in the 
laboratory with x-axis along due east, y-axis, due north and z-axis is vertical (radially 
outward) pointing to the local zenith  are given by, 
      (4A.2) 
Let re, be the vector to the geocenter from the origin of the “topocentric” coordinate 
system (laboratory), then the base line vector (coordinates of the center of the earth) are 
given by, 
 .      (4A.3) 
The position vector of the celestial body relative to the geocenter, R(t)B 
is as follows          
    (4A.4) 
Where the Cartesian components of R(t)B in the lab frame are given by, 
 
      (4A.5) 
 
The corresponding magnitudes are given by, 
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    (4A.6) 
 
   To avoid confusion by an over abundance of indices, in the following we will show 
only the essential subscripts. The correlation or difference in acceleration, Δa(R )cel of the 
test particle in the laboratory relative to the geocenter is given by, 
    (4A.7) 
The x- component in the laboratory frame are given by  
 
 
         (4A.8) 
Where,  
 
 
 
          (4A.9) 
 
The y component of Δa is similarly obtained as:  
 
    (4A.10) 
The vertical or z component of Δaz is a little more involved but is as follows, 
  (4A.11) 
 
We may also express Δa(t) in horizontal-polar components H(t), the declination θ(t) 
(direction between east and the net horizontal tide) and the vertical component  Z(t)  as 
follows, 
   
and  
  
The vertical component is as given by equation 4A.11 above. 
 
B- Sources of astronomical data 
 
With the advent of the World Wide Web on the internet, astronomical and 
ephemeral information are readily available on the internet. For celestial vectors and 
coordinate data NASA’s on-line-ephemeris at the JPL site 63 is very popular. The tidal 
potential catalogues 57-62 use JPL ephemeredes data. Another noteworthy web- resource is 
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the Naval Observatory Vector Astrometry Subroutines, NOVAS 65.  NOVAS utilize 
matrices and vector formulation 65, 66, instead of traditional harmonic formulae of 
traditional spherical geometry so that the distances and coordinates of celestial objects are 
determined with greater rigor and higher precision.  
 
5-Corrections for earth’s rotation 
 Starting with Ehrenfest in the early 1900 rotation has been a challenging problem 
in Relativity.  The resolution of the Ehrenfest paradox, understanding of the Sagnac 
effect and the Goedel Universe has not removed these difficulties. Still, today, many open 
questions remain. For example: what does it mean that the empty (non-flat) space-time 
rotates – does the axis of rotation gain the absolute status in the Newtonian sense? Why – 
standard notion of causality breaking Closed Time Curves (CTC) - are so abundant in 
solutions of the Einstein equations with rotational symmetry? These and many other 
questions persist and an extensive literature is available elsewhere 67-74. Thus, here we 
will focus on the Newtonian description45 only, namely fictitious forces are to be 
introduced to account for the non-inertial frames, so that 
     (5.1) 
Because the astronomical forces and hence acceleration is small it is possible that 
fictitious forces can be significant and needs to be considered with care. The acceleration 
can be written as, 
      (5.2) 
or 
  
         (5.3) 
The terms in the square bracket arise from independent mechanisms and hence are often 
labeled as follows        
 
 
(5.4) 
Hence, the acceleration as measured in the non-inertial frame is the acceleration 
caused by the Newtonian force (acting in an inertial frame) plus the vector sum of four 
additional components. Because the rotational velocity of the earth along the polar axis is 
ω ~ + 72.9 µRad/s, in terrestrial applications most deviations from inertial frames arise 
from the velocity dependant Coriolis contribution. In the laboratory if the object is free to 
undergo relative motion as with the Foucault pendulum then the Coriolis term can be 
significant. Furthermore, in a laboratory the mechanical acceleration of servo systems 
and mountings can give rise to the translational contribution, for measurements with 
accelerating turntables the azimuthal term may not be ignorable either. Finally, the 
centrifugal term should be included in calibrating for the local free fall acceleration (g). 
So the corrected tidal acceleration of the test particle in the laboratory can now be 
written as follows,  
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   (5.5) 
 
6- Sensitivity and probable error estimation 
 
The sensitivity (Δ) of the tidal acceleration to the changes δαi in the variables αi 
can be easily determined as follows: 
 
  
         (6.1) 
 In equation 6.1, N1 is the number of celestial objects and N2 (N2>N1) the total number 
of variables in the tidal functions. Analysis of sensitivity is helpful in apparatus design 
and critical in the success of any experimental project. Equation 6.1 also expresses the 
probable error in a measurement of the acceleration signal in terms of the errors 
associated with the variables. 
 
7- Applications of tidal accelerometry 
 In this section we will point out a number of implications and applications of tidal 
accelerometry. For specificity the focus will be on earth based accelerometric 
observations that is data obtained without the use of spacecrafts. First let us note that 
tides can introduce errors in a high precision experiment in a number of ways. Quite 
generally tidal contributions can be significant if the observations events are separated 
significantly in space –time. Even at the same location, as fig.3 shows just an hour’s 
difference in time can cause measurable changes in the back ground to take place. For 
example in a G- experiment such steps may involve moving the field masses from “near” 
to “far”  (or above and below) positions followed by adjustments and measurements then 
by this interval the tidal strengths can shift enough to produce errors. Shortly we will 
describe a case study of an experiment and show how the design of the apparatus with 
large spatial separation makes it particularly susceptible to tides. We will also indicate 
how these influences can be employed to calibrate the system and improve signal to noise 
ratio. However, with accurate astronomical inputs and data with sufficient statistics these 
tidal features can greatly increase the confidence level of the experiment. 
 
 
After that we will consider a toy model and compute a set of synthetic tidal data 
with noise and extend Newton’s idea about computing celestial mass from tidal 
observations.   Another application is in locating non-radiating dark objects 75,76 and 
black holes.  
 
A- Case study of a gravity experiment. Improving confidence level by de-trending of  
tidal signals. 
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Newton & Cavendish’s universal constant of gravitations or the “Big-G” is the 
first constant of nature to be introduced in a physical theory however it is also amongst 
the least precisely known constants 77-83. For example the most recent “2006  CODATA 
recommended value” 84 which became available in March 2007 is 6.674 28 x 10-11 m3 kg-
1 s-2 Relative standard uncertainty (RSU) 1.0 x 10-4 . In comparison the RSU in the 
Planck constant h is 5.0 x 10-8 . Decreasing the uncertainty in G has become a “Cause 
Celebre”.  
Not surprisingly, determination of G requires the sensitive measurements of the 
gravitational acceleration of a “test mass” as the position of a “field mass” is varied in a 
prescribed manner. To avoid sensitivity to material property variations in the torsion 
fiber, many modern G-experiments employ torsion strips or multi-fiber systems. This 
design couples the angular (rotational) degree of freedom with the vertical direction 
hence results in a compromise, trading uncertainties in the elastic energy with that in 
gravitational potential.  
One class of designs 85- 87 in gravitational experiments suffers from two opposing 
requirements: the needs to reduce (i) the overall size of the apparatus and (ii) cross 
influence between test and the control arms (counter weight) - hence they are physically 
close in the (say) horizontal direction but kept far apart along the vertical axis.  
This design conflict is endemic and has afflicted many Big-G and gravity 
experiments since C.V. Boys pointed out on basically dimensional arguments, because 
the stiffness constants of the force measuring element (sic, torsion fiber) scales at a 
higher power with size (typically ~ d4) than the load (weight ~ volume ~ d3) and load 
bearing capacity (breaking load ~ cross sectional area ~ d2 ) so higher force sensitivity is 
achieved when the apparatus is scaled down to the smallest possible size. Boys himself 
was aware of this conflict hence to reduce “cross torque” on his torsion pendulum he was 
forced to suspend the two tests masses at two different heights from the pendulum beam. 
However, as indicated earlier increased space-time separation can be detrimental and 
Boys failed to realize that his design increased the sensitivity to astronomical tides.  
Next we outline of how tidal influences can be magnified by apparatus design, 
used for calibration and how it can be - de-trended. For specificity consider a G-
experiment 83 and the use of a beam balance. The acceleration data for nine days as 
obtained from published figures are given in table-II and are shown in figure 6 (red dots).  
Data plotted as a graph shows a systematic drift with time of observation; from a linear 
curve fit (solid red line) one obtains a slope of -.3986 nm/s2 per day. This slope 
quantitatively measures the rate of decreases in the mean value of the acceleration.  In the 
same figure the values of the de-trended data (blue squares) are also plotted. A de-
trending is performed by numerically removing for the drift contribution. B After this 
corrective process the mean drift rate is reduced by two orders of magnitude (solid blue 
line). However, notice that this de-trended, “drift-free” data contains three pronounced 
undulations.  
A harmonic analysis (green curve) of the drift-free behavior is shown in fig. 7.  
The fit provides a harmonic amplitude of 15.8 nm/s2, time period of about 27 (+/-1) days 
and a correlation coefficient R of 0.8; considering that the nine data points (table–II) are 
obtained from a printed figure with graphical precision the correlation is quite adequate. 
Furthermore two of these peaks correlate with the days of full moon (August, 4th, & 
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September 8th, 2001) and the minimum with the new moon on August 19th. Note that on 
August 19 (new moon) the moon was in perigee.  
When this harmonic contribution is removed or subtracted out of the data then 
one   obtains the tide corrected values of acceleration that is free of both linear drift and 
harmonic modulations. In Table II all three sets of data are shown. The raw acceleration 
data (red dots) is compared with the corresponding corrected values (green squares) as 
described, the resulting improvement on the scatter is clearly as shown in figure. 8.  
Hence the scatter between maximum and minimum values (784.88 & 784.84) in 
the raw observations 83 is reduced in the de-trended set down to(784.87 & 784.85) from 
about 40 ppm to 2 ppm, likewise the standard deviation decreases from 0.015 down to 
0.0008 after removing the systematic extraneous signals. This process can further be 
improved by de-trending for the diurnal tidal effects if the experimental results obtained 
at different times of the days are also available. 
The Doodson type harmonic analysis 88-90 (fig.7) was chosen because tidal 
calculations, either by potentials or direct vectorial methods (sec. 4 A &B) would require 
further information (not available in the publications) regarding the exact geographical 
coordinates of the place and time of observation. Nevertheless, the fact that the 
quantitative estimates of the strength and time period plus that the reported data points so 
accurately match the phases of the moon is a strong evidence for tide.  
When the tidal vector components for all the observations times are calculated 
then the diurnal, semidiurnal and the lunar month modulation amplitudes all can provide 
independent standards of forces as well as time. Indeed if one is carefully measuring 
forces or accelerations then making sure that verifiable tidal signals are indeed detected, 
provides a good calibration plus additional credibility. 
Often it is stated that “… a beam balance is inherently insensitive to tidal 
forces…”. However, it is not so for all apparatus design that employs a beam balance! All 
depends on the symmetry or asymmetry in the mass and “counter mass” arrangement. For 
examples the problem is acute in configurations where one mass is hung at a large 
separation (~2 m) away from the beam 83 whereas the counter weight is “in-line” with the 
beam. As shown in fig. 9 due to this large difference in the lever arm distances, such a 
lop-sided balance design can create a huge mechanical advantage.  Such a design with 
large vertical separation greatly exaggerates and amplifies the tidal torques especially that 
associated with the horizontal component of the tidal force.  In a high precision 
experiment, it is important to understand such trade-offs and make appropriate 
modifications in hardware and procedural designs. 
 
 
B-Determination of celestial masses without Kepler’s law 
 
 As was mentioned earlier, Isaac Newton’s attempts to compute lunar mass (Mm) is an 
example finding inertia from earth based water tide observations. Briefly, Newton was 
motivated by the observations (i) the highly successful “1-2-3” law of Kepler is 
inapplicable for Mm because moon has no natural satellites. (ii) At that time tides were 
the only available measure of moon’s gravitational force. To find Mm Newton used his 
estimate of the sun-earth masse ratio and maximum and minimum tidal changes in the 
deep ocean water heights; he computed the moon-earth mass ratio to be 1/39.79 about 
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twice the presently accepted value. However, as will be outlined next, the tidal method 
can be extended beyond Newton’s scheme for lunar mass and compute the values of solar 
system masses and in principle any sufficiently massive celestial object from tidal 
observations. Alternate methods of determining solar system masses is of interest because 
of cross checking as well as in increasing the reliability of ephemerides used in space 
craft guidance 91.  
 
Here we will be considering the contributions from the n celestial objects with the 
unknown masses (mi, i = 2,3,   n) so equation for Δa(t) tidal acceleration signal [section 
4.B] is re-written as 
 
    
        (7B.1a) 
         
For the sake of specificity say that a set of N values of Δa(t) are available. Like 
most astrophysical experiments typically there is an overabundance of observations or 
data points so the analysis requires special considerations 92,93 and equation 7B.1a 
constitutes an over-determined set of relationships between the n unknown masses and N 
data points. Hence this set offers multiple solution strategies, here we describe a straight-
forward method namely solution by the linear least square (LLSS) scheme 94.  
 
To consider the general problem let us normalize equation 7B.1 by dividing out 
all the n+1 terms in the LHS and RHS by Θ(R,t)n to obtain: 
 
 
 
 
 
 
        (7B.1b) 
 
In the linear least square scheme (LLSS) the over determined system of simultaneous 
equations (7.B1b) comprising of N data points (Dj) for the n unknowns mj’s is 
represented by the three matrices as follows: 
(i) the (nxN) coefficient matrix (C),defined as  
 
(ii) the (1xN) data matrix (D), defined as 
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and (iii) the (1x n) solution or mass matrix, (M),  
       (7B.1c) 
Where for brevity only a few of the elements of the matrices including the generic jth 
term are shown in equation 7B1c. The strategy of LLSS is to construct a suitable nxn 
matrix (H) and solve for M by a matrix inversion process, as follows: 
 
 
or, 
  
   
and, 
 
  
So that  
     (7B.1d) 
Notice that because there n, Θ(R,t)n coefficients there n normalization choices to 
reduce 7B1a to 7B1b, there are n solution matrices (M) providing a range of possible 
values.  
To make the discussion concrete and visual let us consider the determination of 
two unknown masses say m1 & m2. In this case the LLSS procedure can be visualized as a 
least square straight line fit to the scatter plot of Y (D) vs X (C ) and the two unknowns 
are obtained as the intercept and slope. There are two ways of defining these plotting 
variables depending on the two choices of normalizations, namely Θ(t)1 or Θ(t)2 . 
Normalization with respect to Θ(t)1 reduces equation 7B.1 to   
 
     (7B.2a) 
 
or  
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       (7B.2b) 
 
Where, Y(t)  = Δa(t)/Θ(t)1  and X (t) = Θ(t)2 /Θ(t)1. In this case a linear fit of the 
scatter plot of Y vs X data will have m1 as the intercept and m2 as slope. (ii) In the second 
option normalization is performed with respect to Θ(t)2  and equation 7B.1 reduces to   
 
     (7B.3a) 
 
or  
 
       (7B.3b) 
 
 
Where, Y(t) = Δa(t)/Θ(t)2  and X (t) = Θ(t)1 /Θ(t)2. Now a linear fit of the scatter plot of Y 
vs X data will have m2 as the intercept and m1 as slope. This leads to two distinct ways to 
compute the desired masses and in principle improves the reliability of the computation.  
 
To illustrate the LLSS technique we perform a toy model calculation of 72000 
observations. The observed signals are considered to be due to two sources m1 & m2 plus 
some white, random noise from a couple different sources.  We consider a simple 
situation where the laboratory is on the surface of a planet and the two celestial masses 
move at slightly different rates in the equatorial plane of the planet. Let m1 be two 
thousand times that of m2, i.e., m2 = 1 (R.U) and m1= 2000 (R.U), but is more distant 
such that Θ(t)1/ Θ(t)2 is say ~ 1x10-4 over the time period in question. The theoretical 
values of Θ(t) for both objects at each of the 7200 observation times of were also 
tabulated. One per cent each of two random numbers Rnd1 & Rnd2 (-1<Rnd <+1, Rndave 
= 0.0) were added to the calculated tides and create the simulated experimental data 
Δa(t).  The Y(t) and X(t) are calculated following the first normalization procedure 
described above, prior to division by Θ1, care was taken to exclude the points with zero 
or nearly zero values of Θ1.  The tidal signal and analysis by the first normalization are 
shown in fig. 10, the LLSS values are m1 =1992 (compared with 2000 exact) and m2 = 
1.0012 (1.000 exact). In the second normalization process LLSS determined m1 & m2 to 
be 2021 and 0.99794 respectively. 
 
C- Other applications and conclusions 
 
The results of tidal calculations shown earlier contain both inertial and spatial 
information hence all of them can be obtained by the inversion of observations with 
adequate resolution. So that observations of tidal acceleration can be utilized to locate 
geographical location and astronomical time. With sufficient sensitivity it can be possible 
to study the uniformity of lunar mass distribution without space crafts, but by tidal 
signals from detectors based on the earth. Furthermore absent corrections the tidal signals 
can poison other high precision data. Perhaps the situation is similar to the inclusion of 
relativistic corrections in the satellite based geo-position system (GPS) 95-97; that is to say, 
precision force and acceleration data must account for tidal contributions. Tidal signals 
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can also be complimentary to GPS. Additionally, inspired by the metrological advances 
in pulsar timing array (PTA) and laser interferometric, gravity wave detector 98-99 
technologies we reason that with sufficient development the proposed new technique can 
be important in evaluating some of the contending theories in cosmology. 
 
Newtonian gravitation, g is non-radiative, infinite range and all pervasive. Spatial 
correlation of g gives rise to tides which can be computed as a vector difference. Tidal 
signals contain quantitative astrophysical information and affect high precision 
measurements. Guided by modern advances in gravity wave detectors we argue that it is 
important to develop high precision accelerometry. With a resolution of ΔR~ 10-9 m it 
will be possible to determine solar system masses and detect the SMBH at the center of 
our galaxy. Observations of the gravitational correlation can potentially open up yet to be 
explored vistas of the cosmos. 
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Table –I 
 
Celestial Object   Maximal tidal acceleration*    
Moon     1.11 µm/s2  
Sun     0.51 µm/s2           
Venus     0.06 nm/s2 
Jupiter     8.0   pm/s2 
Mars     3.0   pm/s2 
Saturn     3x10 -13 m/s2 
 SMBH (@ 10 kpc)   10 -24 m/s2 
 Ten Solar mass (@ 1 kpc)  10 -26 m/s2 
 Ten Solar mass (@ 10 pc)  10 -20 m/s2 
 
* Here we use SI unit, Galileo or Gal is short for another accepted unit of acceleration, 
1Gal = 1cm/s2 that is also common in the accelerometry literature. 
 
Table -II 
 
 Day       Raw accel (µ-m/s2)     Lin-De-Trend (µ-m/s2)     Cor-accel (µ-m/s2)      
 
          212.00  784.87   784.86   784.85 
          219.00  784.89   784.89   784.87 
          223.00  784.88   784.88   784.88 
          228.00  784.85   784.85   784.87 
          232.00  784.86   784.86   784.88 
          238.00  784.87   784.87   784.87 
          243.00  784.89   784.89   784.88 
          247.00  784.86   784.87   784.86 
          252.00  784.84   784.86   784.86 
 
 
Table-III 
 
 
      Raw accel          Lin D-Trend     Corrected accel. 
     (µ-m/s2)      
        
       No of pts  9   9   9 
       Sum  7063.8076  7063.83  7063.8112 
       RMS  784.86751  784.87   784.86791 
       Std Deviation 0.015024535  0.014039295  0.0084401811 
       Variance  0.00022573666  0.0001971018  7.1236657e-05 
       Std Error  0.0050081784    0.0046797649  0.0028133937 
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Figure Captions 
 
 
Figure 1: Behaviors of two nearby geodesics. In source free, empty or flat space 
(left) curvature (R) is zero the relative separation between two apples following their 
respective geodesics remains the same. The separation changes and geodesics are no 
longer parallel in curved space-time. Spatial differences in the geodesics reveal curvature 
and betrays the presence of  a nearby object (right) 
Figure 2: The changes in the weight with time of an object in our laboratory and 
correlation with the tidal water height at the port of Charleston, SC. The green rectangle 
highlights a period of the rapid changes in balance reading with time. 
Figure 3: Examples of tidal influences in the laboratory; on the vertical free fall 
acceleration of a macroscopic test mass (bottom- shaded region), an absolute gravimeter 
(solid blue curve) and that of Cesium atoms in an atomic fountain (top- solid red curve); 
after Schwartz et al and Peters et al. 
Figure 4: The LEP beam energy dependence on tidal variations. The data (solid 
red and blue dots) points are of graphical accuracy, an estimated ~ 1ppm (ΔE/E) decrease 
in beam energy per µ-gal increase in g is shown by the diagonal straight line (green); 
after Arnaudon et al. 
  Figure 5:  Coordinate transformation, (a) P is the location (λ, Λ) of the laboratory 
on the surface of the earth in XYZ a geocentric coordinate. (b) Radial translation by re 
from the geocentric origin to surface centric origin is shown. 
Figure 6:  Acceleration data for nine days (red dots) obtained over a period of a 
month (after Kundig et al). The LSS fit shows a systematic drift with time of observation 
with a slope of ~  -0.3986 n-m/s2 per day. 
Figure 7:  Harmonic analysis (green curve) of the drift-free acceleration (blue 
dots). The Doodson type fit provides harmonic amplitude of 15.8 nm/s2, time period of 
about 27 (+/-1) days. Furthermore, the peaks correlate with the days of full moon 
(August, 4th, & September 8th, 2001); the minimum on new moon, is August 19th when 
moon was in perigee, all in excellent agreements with tidal behavior. 
Figure 8:  Improvement of confidence level by correcting for both harmonic 
changes and drift (green squares) hence the reduction of the scatter in the raw 
acceleration data (red dots).  As described in the text after removing the systematic 
extraneous signals, the scatter between maximum and minimum values in the raw 
observations is reduced from ~ 40 ppm to 2 ppm, likewise the standard deviation dropped 
from 0.015 to 0.0008.  
Figure 9:  The design of a lop-sided balance creates a huge mechanical 
advantage. A large vertical separation greatly exaggerates and amplifies the tidal torques 
especially that associated with the horizontal component of the force.   
Figure 10: A synthetic tidal signal due to two masses plus noise. Inset shows the 
scatter plot and linear least square analysis for the two unknowns, m1 and m2 by the first 
normalization scheme. The LLSS fit values obtained for m1 and m2 were 1992 and 
1.0012 respectively, to be compared with the exact values 2000 and 1.000. 
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